The Prokaryotic Defense System
==============================

The CRISPR/Cas system is one of several defense systems that prokaryotes can use to prevent invasion by foreign genetic elements (for a more detailed description see recent reviews[@R1]^-^[@R6]). The function and significance of this system was only recently discovered, and it differs from other known defense systems because it is heritable, can adapt to new invaders and it is sequence specific. The system uses a set of proteins and short RNA molecules, termed Cas proteins and crRNA, respectively. The crRNAs are processed from a longer pre-crRNA that is encoded in the CRISPR locus, a peculiar series of short, directly repeated sequences between which are unique spacer sequences ([Fig. 1](#F1){ref-type="fig"}). The latter sequences originate from previous (and unsuccessful) invading elements, which were degraded. This was accompanied by inserting a short piece of sequence into the CRISPR locus. Thus the CRISPR locus is a memory of previously encountered invaders to which the cell has adapted and is immune.

![**Figure 1.** The CRISPR locus. The pre-crRNA is encoded in the CRISPR locus, which consists of repeat (in black) and spacer sequences (colored). In some cases the repeat sequences are able to fold into stem loop structures. The spacer sequences are derived from invader DNA, which previously attacked the cell. CRISPR locus transcription starts from the leader region (black arrow) yielding the pre-crRNA, which is subsequently processed to generate the crRNAs. Each crRNA is specific for one invader.](mge-2-228-g1){#F1}

Immune defense proceeds in three stages: (1) adaptation, (2) expression and (3) interference. In the first stage, the nucleic acid of the invading element enters the cell, and is immediately recognized as a foreign element. A piece of the invader DNA, termed protospacer, is selected and then integrated into the CRISPR locus as a new spacer ([Fig. 2](#F2){ref-type="fig"}). Note that the sequence is called protospacer as long as it is still part of the invader. As soon as it is integrated into the CRISPR locus it is called spacer. Selection as a new spacer depends on the presence of a certain neighboring sequence, the protospacer adjacent motif (PAM).[@R7] This has been shown for CRISPR/Cas type I and type II systems.

![**Figure 2.** Adaptation to a new invader. Upon entering the cell, the invading foreign nucleic acid is recognized by Cas proteins and a piece of the invader DNA (termed the protospacer, shown in red) is selected to be integrated as a new spacer into the CRISPR locus. A prerequisite to be selected as a new spacer is the presence of the PAM sequence (shown in light blue) adjacent to the protospacer. In Haloferax the PAM sequence has to be located upstream of the protospacer sequence (directly 5′ to it).](mge-2-228-g2){#F2}

This motif is not only important for spacer selection but also for accurately targeting the defense reaction.[@R7]^-^[@R10]

In the second stage of the defense reaction, the CRISPR locus is expressed, generating a pre-crRNA which is subsequently processed to short crRNAs, each of which is specific for a single invader ([Fig. 1](#F1){ref-type="fig"}). Together with the Cas proteins, this crRNA recognizes the invader in the third stage of the defense reaction. The spacer sequence of the crRNA base pairs with the invader sequence from which it was derived, rendering the defense sequence specific.

CRISPR/Cas System of *Hfx. volcanii*
====================================

The CRISPR/Cas system of Haloferax consists of eight Cas proteins and three CRISPR RNAs, and phylogenetically they belong to the type I-B group of CRISPR/Cas systems.[@R7]^,^[@R11] We could show that all three CRISPR RNAs are constitutively expressed and processed,[@R11] indicating that although the strain has been in the laboratory for more than 30 y and probably did not encounter any invaders during that time, the defense system has remained active. Comparison of the spacer sequences of the three Haloferax CRISPR loci to sequences deposited in the public sequence databases showed only two matches. One spacer matched to the Haloferax genome within an annotated open-reading frame (HVO_0372) encoding a protein of unknown function. The 5′ part of the spacer was identical to the genomic sequence, but the 3′ part showed nine mismatches, which is probably sufficient to prevent autoimmune targeting by the CRISPR/Cas system. The second spacer was similar to an environmental sequence recovered from a salt lake in Australia (Lake Tyrrell) and differed at only four positions, distributed along the sequence. The 5′ part of the sequence matches perfectly, and in *E. coli* it has been shown that a perfect match in the 5′ sequence (termed the seed sequence) is essential for recognition and target degradation.[@R10]^,^[@R12] It is likely then, that invading elements containing this sequence would be targeted by the CRISPR/Cas system.

The low number of spacer matches to known sequences probably reflects that relatively few haloarchaeal viruses have been isolated and sequenced. Another factor is that the DS2 strain was isolated from the Dead Sea in 1974. Viral populations would have changed in the 40 y since, making it unlikely that the original matching sequences would now be common enough to have been recovered and sequenced.

Several Motifs Direct Degradation
=================================

To investigate the Haloferax defense system, we developed a plasmid invader system similar to the one described for Sulfolobus.[@R9] The invader plasmid contained a piece of invader DNA, and an adjacent motif marking the DNA as invader -- the so-called PAM sequence. As invader DNA, we chose a spacer sequence included in the Haloferax CRISPR loci, and this was cloned into a Haloferax shuttle vector ([Fig. 3A](#F3){ref-type="fig"}). The PAM sequences used by Haloferax (or by other haloarchaea) were not known before this study, and it was also unknown if they are located upstream or downstream of the protospacer. So we tested all possible di- and trinucleotide combinations (PAM sequences are generally 2--5 nucleotides long) ([Fig. 3A](#F3){ref-type="fig"}). In addition, the plasmid contained a marker gene allowing growth without uracil, so only cells carrying the plasmid are able to grow on selective media. If the defense mechanism is active against the plasmid, then it is destroyed (together with the selection marker) and such cells cannot grow on selective medium, which results in a severe (about 100-fold) reduction of transformation efficiency. Using this approach six different trinucleotide sequences were identified that were active in triggering the defense response, which is currently the highest number of PAMs identified for a single CRISPR repeat group. In addition, we could show that this motif has to be located upstream of the protospacer sequence to activate the defense reaction ([Fig. 3B](#F3){ref-type="fig"}).

![**Figure 3.** An artificial invader for Haloferax. To challenge the Haloferax defense system, we generated an artificial invader consisting of a spacer sequence (from one of the Haloferax CRISPR loci, shown in red) and an adjacent sequence with all possible two- and three-nucleotide combinations as potential PAM sequences (shown in light blue). These were cloned into a Haloferax plasmid vector that also carried a selection marker *pyrE2* (which makes growth of the *ΔpyrE2-Haloferax* recipient strain independent of supplied uracil). (A) Initial experiments were performed with potential PAM sequences up- and downstream of the spacer sequence. (B) PAM localization experiments showed that the PAM sequence is only required upstream of the spacer sequence and thus we positioned PAM sequences upstream only.](mge-2-228-g3){#F3}

While the majority of cells challenged with these six types of invader plasmids were unable to grow without uracil, a low level of background colonies were observed. When examples of these were analyzed, the majority was found to have mutations in, or complete deletions of the *cas* gene cluster, thereby inactivating the defense system and allowing the cell to maintain the plasmid.

Conservation of CRISPR/Cas Types in Haloarchaea
===============================================

To gain more insight into the PAM sequences used for adaptation, we searched for other haloarchaea for which recent metagenomic data were available. We used the spacer sequences encoded in the *Haloquadratum walsbyi* CRISPR loci to look for matches in the databases. Eight matches were found and the PAM sequences obtained for them were in seven cases TTC, which is identical to one of the six PAM sequences we found experimentally for Haloferax. Like Haloferax, *Hqr. walsbyi* contains a CRISPR/Cas type I-B system, with CRISPR repeat sequences that are very similar to those of Haloferax ([Fig. 4](#F4){ref-type="fig"}). Further comparison with other haloarchaea showed that those that are available in the CRISPR database (crispr.u-psud.fr/crispr/, July 2012) and which encode Cas proteins all belong to the type I-B CRISPR/Cas group. BLAST searches with the Haloferax repeat sequence show that in 20 of the 32 haloarchaeal genomes currently deposited in the NBCI database ([www.ncbi.nlm.nih.gov/sutils/genom_table.cgi](http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi), August 2012) and in the JGI IMG database (<http://www.jgi.doe.gov/>), the repeat sequence is well conserved, with only one to five mismatches between the repeats from the different haloarchaeal organisms ([Fig. 4](#F4){ref-type="fig"}). A similar observation has recently been made by Lynch et al.[@R13] Since PAM sequences have been reported to be connected to the repeat sequence and to the CRISPR/Cas type[@R3] it is reasonable to expect that these haloarchaeal sequences require the same PAM sequence. Whether this is true is a question to be addressed in future studies.

![**Figure 4.** Repeat sequences are conserved in several haloarchaea. The repeat sequence of the *Hfx. volcanii* chromosomally encoded CRISPR locus C differs from the other two CRISPR loci (P1 and P2) by one nucleotide. The repeat sequence of the chromosomally encoded CRISPR locus (locus C) from *Hfx. volcanii* was compared (BLASTN) with the haloarchaeal genomes deposited in the NCBI database ([www.ncbi.nlm.nih.gov/sutils/genom_table.cgi](http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi), August 2012) and to the JGI IMG database (<http://www.jgi.doe.gov/>). In 20 of the 32 additionally available genomes at least one CRISPR locus was found where the repeat was conserved, with only one to five mismatches. All of the repeat sequences shown are part of putative CRISPR loci that contained multiple repeats, and were positively identified as CRISPR loci by the CRISPR finder algorithm at (<http://crispr.u-psud.fr/>). Whether all of these loci represent intact and functional CRISPR/Cas systems is yet to be determined. ^a^ Distant, a *cas* gene cluster is only found elsewhere in the genome, and is adjacent to another CRISPR locus with a different repeat sequence. ^b^ Unknown, the genome sequence remains in numerous contigs, and it is not known if a *cas* gene cluster is nearby to the CRISPR locus containing this repeat sequence. After the identification of *cas* gene clusters their proximity to the CRISPR locus was determined by homology searches (e.g., the *cas* gene finder option at CRISPR finder), followed by manual inspection of the annotated genome sequence. Classification of *cas* gene clusters was done according to Makarova et al.[@R7]*cas* gene clusters are considered near when they are adjacent to the CRISPR locus and distant if found elsewhere in the genome (where they were usually adjacent to another CRISPR locus with a different repeat sequence). The genome of *Hfx. sulfurifontis* remains in numerous contigs, so the proximity of *cas* genes to this locus is currently unknown.](mge-2-228-g4){#F4}

Speculation
===========

In our study we analyzed the requirements for the CRISPR/Cas defense reaction and identified six different PAM sequences that were able to trigger this reaction. Such a high number of permissible PAM sequences could be advantageous when defending against related invading elements, as it tolerates individual mutations as well as clonal divergence, making the system more broadly effective. This makes sense because the prokaryotic defense mechanism will remain active against virus mutants that otherwise could avoid immune recognition. In contrast, the few data we collected in silico concerning PAM motifs for *Haloquadratum walsbyi* revealed only two PAM motifs. Since *Hqr. walsbyi* and *Hfx. volcanii* have very similar repeat sequences and belong to the same CRISPR/Cas type they might have similar PAM requirements. Taken together, the evidence suggests that the adaptation step is more restrictive in terms of its PAM requirements compared with the interference step.

In *Streptococcus thermophilus* (CRISPR/Cas type II), a similar recognition of several different PAM sequences on invader plasmids was observed.[@R2] The PAM requirements of CRISPR/Cas type III systems have not yet been reported, but it has been shown in *Staphylococcus epidermidis*, that the protospacer adjacent sequence of this system must be different from the repeat sequence located upstream of the spacer in the CRISPR locus, so ensuring differentiation between self DNA (CRISPR locus) and the foreign genetic element.[@R14]

A clearer picture of how this immune reaction operates will be revealed as more data are collected, from all of the known CRISPR/Cas systems.
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